Small-angle neutron scattering (SANS) analysis was performed to investigate the miscibility of blends of metallocene-catalyzed octene linear low-density polyethylene (octene-mLLDPE) and low-density polyethylene (LDPE). The quantitative SANS analysis found that the blends are miscible in both the melt and the quenched states. Moreover, this analysis confirmed that the radii of gyration of octene-mLLDPE(D) and LDPE(H) remain unchanged in the quenched state and that the two polymer components cocrystallize via fast crystallization from the melt state. research papers 162 Tae Joo Shin et al. Miscibility of octene-LLDPE and LDPE blends
Introduction
Linear low-density polyethylene (LLDPE) is a linear polyethylene (PE) containing alkyl short-chain branches (SCBs) (Peacock, 2000; Nwabunma & Kyu, 2007; Tashiro, 2007) . The SCB units are introduced by the insertion of -olefins (butene, hexene, octene etc.) during the polymerization of ethylene. The introduction of SCBs results in a reduction in crystallinity, which means that LLDPE is tougher and more easily processed than non-branched high-density polyethylenes (HDPEs). LLDPE contains no or few long-chain branches (LCBs) and so exhibits higher tensile strength and greater elongation, as well as improved impact and distortion resistance at higher temperatures, than low-density polyethylene (LDPE), which contains a significant number of LCBs (Yilmazer, 1991; Hakin, 1988; Lu & Sue, 2002) . Despite these superior properties, the commercially available Ziegler-Natta-catalyzed LLDPE (ZN-LLDPE) has some limitations in various applications because of its wide molecular weight distribution and wide branch content distribution (Usami et al., 1986) , which cause liquid-liquid phase separation even in 'pure' LLDPE (Wardhaugh & Williams, 1995; Hill & Puig, 1997; Munstedt et al., 1998; Gabriel et al., 1998; Wignall et al., 2001) . As a result, ZN-LLDPE products are intrinsically multiphase and exhibit disadvantageous properties, such as melt fracture and surface distortion as well as significant deteriorations in mechanical and optical performance. In contrast, homogeneous metallocene-catalyzed LLDPEs (mLLDPEs) have very narrow molecular weight distributions and sparse LCBs and so have physical and mechanical properties that are superior to those of ZN-LLDPEs. However, they often have poor processability because of their high viscosity, which means that a high melt pressure and a high motor load are required during extrusion processing (Liu et al., 2002) .
One method for improving the processability of mLLDPE is to blend it with LDPE. Of the various properties (miscibility, strain hardening, crystallization etc.) of mLLDPE/LDPE blends that can be investigated in order to understand their polymer processing and product properties, the miscibility of both the melt and the solid states is particularly important. Previous studies have shown that the miscibility of mLLDPE/ LDPE blends is influenced by molecular weight, molecular weight distribution, composition distribution, branch type, branch content and branch content distribution along the backbone (Liu et al., 2002; Hameed & Hussein, 2002; Hussein & Williams, 2004; Niaounakis & Kontou, 2005; Fang et al., 2005) . In particular, the use of mLLDPE rather than ZN-LLDPE makes it possible to isolate the influences of branch content and composition distribution of LLDPE on its miscibility with LDPE.
The miscibility of PE blends has been investigated with various tools and techniques, including molecular simulation ‡ Tae Joo Shin and Byeongdu Lee contributed equally to this work. (Choi, 2000; Fan et al., 2002; Abu-Sharkh et al., 2004; Ree, 2007) . By considering the different vibrational frequency positions of hydrogenous and deuterated methylenyl (CH 2 and CD 2 ) groups, IR spectroscopic studies of deuterated PE blends have been used to investigate the spatial arrangement of H and D components in the crystalline lattice (Tasumi & Krimm, 1968) and to determine the chain folding structure. Tashiro and co-workers have reported a series of IR studies on the cocrystallization and phase segregation in blends of deuterated HDPEs and hydrogenous LLDPEs (Tashiro et al., 1992; Tashiro et al., 1994a,b; Tashiro, Izuchi, Kaneuchi et al., 1994) . They found that H and D species cocrystallize into same crystalline lattices in a statistically random arrangement and the crystallization behavior is largely influenced by the degree of branching of the hydrogenous species. Small-angle neutron scattering (SANS) has been used to directly quantify the melt miscibility of polymer blends under equilibrium conditions via the contrast achieved with deuterium labeling (Higgins & Walsh, 1984; Bates et al., 1985; Alamo et al., 1994; . Some ambiguities in the interpretation of SANS data for PE blends have been reported because phase separation occurs on the micrometre scale, which is much larger than the domain size measurable with conventional SANS cameras (Schipp et al., 1996) . However, Alamo et al. (1997) have successfully investigated melt miscibility and phase segregation in linear and branched PE blends using SANS, even for systems with large domains.
There have been many studies with SANS of the miscibility of HDPE blends with other branched PEs (Schipp et al., 1996; Buckingham & Hentschel, 1980; Rhee & Crist, 1991; Tashiro et al., 1995; Wignall et al., 1995 Wignall et al., , 2000 Agamalian et al., 1999; Nicholson et al., 1990) , but few of the miscibility of LLDPE/ LDPE blends. The investigation of the influence of branch type (and length) on the miscibility is one interesting research area because different behaviors are observed for linear PEs and branched PEs. It has been reported that the type of SCB (butene, hexene or octene) does not significantly affect the miscibility of mLLDPE/HDPE blends (Tanem & Stori, 2001; Hussein, 2005) . In contrast, the miscibility of mLLDPE/LDPE blends is significantly influenced by the type of SCB: blends of butene-mLLDPE and hexene-mLLDPE are immiscible or partially miscible with LDPEs, whereas octene-mLLDPE is miscible with LDPE (Liu et al., 2002; Hameed & Hussein, 2002; Hussein & Williams, 2004; Niaounakis & Kontou, 2005; Fang et al., 2005) . This result suggests that increasing the length of the short chains in mLLDPE, i.e. replacing hexene with octene, can improve conformational matching with LDPE (Fredrickson & Liu, 1995; Fredrickson et al., 1994) and thus promote the miscibility of mLLDPE/LDPE blends. To our knowledge, there have been no quantitative studies of the miscibility of octene-mLLDPE/LDPE blends with the SANS technique, although there have been some thermal and rheological studies of these systems (Liu et al., 2002; Hameed & Hussein, 2002; Hussein & Williams, 2004; Niaounakis & Kontou, 2005; Fang et al., 2005) .
In this study, we have investigated the miscibility of octene-mLLDPE/LDPE blends by using SANS and small-angle X-ray scattering (SAXS). The Flory-Huggins interaction parameter () and the radii of gyration (R g ) of the polymer molecules were calculated with the random phase approximation (RPA) for both the melt and the quenched states. The distributions of the hydrogenous (H) and deuterated (D) chain stems in the crystalline lattice are also discussed. Table 1 . Octene-mLLDPE and LDPE (the total amount of the polymers was 0.5-1.0 g) were blended in 350 ml of 1,2,4-trichlorobenzene containing about 0.1 g of 2,6-di-tert-butyl-4-methyl phenol (an antioxidant) at 453 K under nitrogen and stirred for 2 h. Then, the solution was quickly coprecipitated in excess methanol at ice-water temperature, filtered on a fine glass filter and washed with acetone. The washed sample was again immersed in several millilitres of acetone containing 0.05 wt% (corresponding to the total amount of the polymer mixture) of the antioxidant for a day and then predried under low vacuum (about 50 mmHg, 1 mmHg = 133 Pa) at room temperature. The predried sample was finally dried under high vacuum (less than 0.01 mmHg) at about 333 K for a week. The blend samples were melted again on a Carver press at 428 K for 10-15 min and pressed to produce flat pellet-type specimens, which were then quenched in ice-water. During the specimen molding process, the cycle of pressurizing the sample for a short time (for example, a half to one minute) and subsequently releasing the pressure was conducted several times to remove any air bubbles possibly trapped in the specimen. The obtained specimens were checked by SAXS analysis before use in this study to ensure that they contained no air bubbles. The thickness of the blend specimens was controlled at 1.50 (1) mm. For the melt miscibility measurements at 413 K, cells with Kapton windows were used to hold the melt samples. After the SANS measurements had been carried out, the blend specimens were quenched in liquid nitrogen, and then room temperature measurements were performed. Table 1 Details of polyethylene samples used in this study.
Experiment

Sample preparation
Octene-mLLDPE(D) ‡ 94 800 52 666 2.2. Small-angle neutron and X-ray scattering 2.2.1. Measurements. SANS data were collected at the HANARO SANS facility at the Korea Atomic Energy Research Institute using a detector with an area of 64 Â 64 cm and an element size of 25 mm. The wavelength of the neutron source was 8.29 Å and the sample-to-detector distance was 4 m, resulting in a scattering vector q range of 0.005 < q < 0.3 Å À1 , where q ¼ 4 sin =. Corrections for the instrumental background and detector efficiency were carried out prior to the radial averaging of the scattering patterns. The net intensity was converted to an absolute differential cross section per unit volume, dAE=dðqÞ, by using pre-calibrated secondary silica standards. The cross sections of hydrogeneous octene-mLLDPE(H)/LDPE(H) blend samples were also measured in order to subtract the coherent and incoherent backgrounds. The coherent background arises mainly from void scattering and is negligible when q > 0.012 Å À1 . The incoherent background is flat (Wignall et al., 1995) because the incoherent cross section of 1 H can be subtracted with empirical methods (Tashiro et al., 1995) . The scattering intensity of each sample (I sample ) was acquired by subtracting the transmission-corrected empty cell scattering [(%T sample = %T cell )I cell ] from the observed scattering (I obs ):
The sample transmittance (%T sample ) is the ratio of the direct beam intensities measured with and without a sample, and was measured by moving a beam-stop away from its position. The absolute scattering cross section, ðdAE=dÞ total , was calculated by using data of a silica standard material:
where ðdAE=dÞ silica is the absolute scattering cross section of silica, and I i , %T i and t i represent the scattering intensity, transmission and thickness of the i component, respectively.
In addition, SAXS experiments were conducted at the SAXS beamlines (4C1 and 4C2) (Bolze et al., 2002; Lee et al., 2004 Lee et al., , 2008 Jang et al., 2006; Choi et al., 2007; Jin et al., 2007; Kim et al., 2007 Kim et al., , 2008 Jin, Park et al., 2008; Heo et al., 2007; Heo, Yoon, Jin, Kim et al., 2008; Heo, Yoon, Jin, Sato et al., 2008; Yoon et al., 2007; Yoon, Jung et al., 2008; Yoon, Kim et al., 2008) of Pohang Accelerator Laboratory (Ree & Ko, 2005) at Pohang University of Science and Technology in Korea. SAXS measurements were carried out at room temperature for a series of octene-mLLDPE(D)/ LDPE(H) blend samples by using a two-dimensional CCD detector (Princeton Instruments Inc., USA) consisting of 1152 Â 1242 pixels. The sample-to-detector distance was set to 1.4 m. The scattering angle and the absolute scattering intensity were calibrated by using lead stearate (d spacing = 5.10 nm) and Lupolen standards, respectively. Each measured SAXS image was circularly averaged from the beam center to be plotted as q versus intensity.
2.2.2. Data analysis. The coherent cross section, ðdAE=dÞ coh , of a homogenous polymer blend composed of hydrogeneous (H) and deuterated (D) components is given by the following equation (Schipp et al., 1996; Tashiro et al., 1995; Wignall et al., 1995 Wignall et al., , 2000 Agamalian et al., 1999) 
where b H and b D are the unit scattering lengths of unlabeled and deuterated species, having values of À0.166 Â 10 À12 and 3.998 Â 10 À12 cm, respectively. v H and v D , representing the segment volume of each component, are 32.90 and 32.92 cm 3 mol À1 at 418 K, respectively. SðqÞ represents the structure factor. The thermal expansion coefficient, 7.5 Â 10 À4 K À1 , is assumed to be the same for both PE(H) and PE(D) above melting temperature (Brandrup & Immergut, 1975) . According to the RPA, the structure factor of the mixture of two components (H and D) in a single-phase state is given by the following equation (Schipp et al., 1996; Tashiro et al., 1995; Wignall et al., 1995; Agamalian et al., 1999; Wignall et al., 2000) :
where ' i and N i are the volume fraction and the degree of polymerization of the i component, respectively. is a Flory-Huggins interaction parameter, and v is defined as
is the normalized form factor of the ith component, and it can be represented by the Debye function of the monodispersed Gaussian chain,
where u ¼ q 2 ðR g Þ 2 i and ðR g Þ 2 i is the mean-square radius of gyration. In practice, since the LDPE used in this work has a wide molecular weight distribution, equation (5) should be modified to take the polydispersity into account. Assuming that it has a Schultz-Zimm-type molecular weight distribution, finally the structure factor for a mixture of polydispersed polymers is given as follows (Glatter & Kratky, 1982; Balsara et al., 1994) :
where N n i is the number-average degree of polymerization and v ¼ ð' H =v H þ ' D =v D Þ À1 . g i ½q 2 ðR n g Þ 2 i is given by
where ðR n g Þ 2 i is the number-average radius of gyration. i and U i are defined by where N w i is the weight-average degree of polymerization. In this study, SANS data were fitted using equation (6) via nonlinear least squares with all parameters fixed except R n g and .
For the case of ' D >> ' H , the slope of the SANS curve will be predominantly determined by R n g;H rather than R n g;D , and vice versa. Thus, in our work, R n g;H and R n g;D were determined from 90/10 and 10/90 compositions, respectively. Then was fitted while fixing R n g;H and R n g;D , or allowing their variations within 10% of the predetermined values.
The scattering contrast between crystalline and amorphous phases in fast-cooled solid samples is given by the following equation:
where the first and second terms represent the scattering length densities of the crystalline and amorphous phases, respectively. ' i is the number fraction of the ith component. c;i and a;i are the densities of the two phases. g i is the weight of each segment.
Results and discussion
3.1. Melt state Fig. 1 shows the background-calibrated SANS data of D/H = 10/90, 30/70 and 50/50 with their RPA fits. SANS intensities increase as the composition approaches the symmetric one and decrease as the proportion of octene-mLLDPE(D) becomes larger than that of LDPE(H) (data not shown). As described previously, the R g values for octene-mLLDPE(D) and LDPE(H) can be determined more precisely from two extreme compositions, D/H = 10/90 and 90/10, respectively, and they are $104 and $49 Å . These values are very close to the theoretical values, 103 and 56 Å , which were calculated by assuming Gaussian chain conformations in the melt state. In theory, R g of a Gaussian chain, having effective segment length l, is expressed by
where the reported l value of the C 2 H 4 unit is ca 5.8 Å (Tashiro et al., 1995) . The values for the blends are determined by both RPA fit and Zimm plot. The Zimm plot for D/H = 50/50 is shown in the inset of Fig. 1 , and the two methods provide very similar values. Although the value of can be used as a criterion for predicting the phase behavior of two mixed components, the value obtained with a deuterium labeling technique is influenced by the isotope effect and thus may not be representative. In this regard, a report of the macro-phase separation of blends with high-molecular-weight linear and branched PE is worthy of mention (Alamo et al., 1997) . Alamo et al. (1997) found that the immiscibility that arises for blends of HDPE with structurally similar low-branched LDPE is mainly caused by molecular weights, or numbers of repeat units N, larger than 2/ HD . Although the N HD value of the octene-mLLDPE(D)/LDPE(H) blend (= 10/90) examined in our study is above 2, there is no evidence of any phase segregation in our SANS data, which indicates that the isotope effect does not need to be taken into account in the phase behavior of octene-mLLDPE(D)/LDPE(H) blends.
It has been reported that the values of deuterated PE blends obtained with SANS are in the ranges 3 Â 10 À4 to 6 Â 10 À4 for linear PE blends and 7 Â 10 À4 to 1.6 Â 10 À3 for relatively highly branched PE blends (Tashiro et al., 1995; Glatter & Kratky, 1982; Balsara et al., 1994; de Gennes, 1979) . The values were calculated in this study to be in the range 3.4 Â 10 À4 to 6.8 Â 10 À4 , which is similar to that for linear PE blends. This result suggests that the contributions of the SCBs in mLLDPE and the LCBs in LDPE to the values of their blends are negligible, as reported elsewhere (Alamo et al., 1997) . Note that the determined values are significantly lower than the theoretical ones at the spinodal point ( sp ) given by the following equation (Seki, 2000) :
where the subscripts A and B denote the components of a binary polymer blend. The measured and calculated sp values are plotted in Fig. 2 , which shows that sp is higher than for all compositions and that the octene-mLLDPE and LDPE blends are miscible.
Solid state
The radius of gyration of octene-mLLDPE(D) in the solid state was obtained for an octene-mLLDPE(D)/LDPE(H) (= 10/90) blend sample by using the following equation (Tashiro et al., 1995) : where N is the number of monomer units per unit volume, and ' D is the volume fraction of the D component. K is the scattering contrast defined as K ¼ ðb H À b D Þ 2 . ðR z g Þ 2 D is the zaverage mean-square radius of gyration. Áw and Áz are quantities related to the molecular weight difference between the H and D species, respectively:
R z g calculated from equation (13) can be converted to the number-average value using ðR n g Þ 2
. hZ D i w and hZ D i n denote the weight-and number-averaged polymerization index, respectively. The fitted R g values for octene-mLLDPE(D) and LDPE(H) are $105 and $51 Å , respectively, which are very close to the values for the melt state. Fig. 3 shows SANS profiles for melts (at 413 K) and solids (at room temperature) of various compositions. The curves for the two states have very similar slopes in the low-q region, which indicates that there is no obvious phase separation of the octene-mLLDPE(D) and LDPE(H) components in the solid state blends. A slight increase in the slope might result in an increase in according to the simulation in Fig. 4 , where variation in is shown to have more impact than variation in R g on the slope. The broad peak in the SANS profiles of the solids near q = 0.05 Å À1 indicates the presence of crystalline lamellar stacks, which can also be detected with SAXS analysis. SAXS profiles for these samples are shown in Fig. 5 . Note that the intensities of the peaks in the five blend samples appear in the opposite order in the SAXS and SANS results: the octene-mLLDPE(D)/LDPE(H) (= 10/90) blend produces the lowest SANS intensity but the highest SAXS intensity. This difference arises because the scattering contrasts between the lamellae and the amorphous regions in between them are different for the two techniques: the scattering length density difference provides the contrast in SANS, but the electron density difference provides the contrast in SAXS. Combining these two techniques enables us to investigate cocrystallization, as discussed later in this paper.
The comparison of the SANS data for melts and solids indicates that no macro phase separation occurs in our quenched solids. As discussed in the previous section, the melts are homogeneous mixtures, and thus deuterated single Log-log plots of the SANS profiles calculated with equation (6). All parameters other than and R g are held constant. chains are the only scattering source for SANS with a power law of 1=q 2 . If there is macro-phase separation in the solids, it would result in a higher SANS intensity in the low-q region and a reduced intensity in the high-q region, such as is predicted in macro-phase-separated morphologies for Debye-Beuche scattering (Alamo et al., 1997) with IðqÞ ' 1=q 4 . The reference q location would then be expected to vary depending on the size of the phase-separated domains. As shown in Fig. 3 , there is no notable variation of the power behavior in the SANS curves. Instead, Zimm-type scattering (see Fig. 6 ) and Gaussian chain scattering were found for all our solid samples. This result confirms that there is no macro phase separation.
Although there was no evidence of macro phase separation in our blends, even in the quenched solid state, micro phase separation between the crystalline lamellae and the amorphous regions in between them is expected as a result of the crystallization of the polymers. When there is micro phase separation on the lamellar scale, it increases the scattering length density differences for the interlamellar peaks in SANS data. Note that the crystallinity increases as the content of LDPE(H) is increased (see Table 2 ) because of the faster crystallization of LDPE, which results in stronger SAXS intensities for the interlamellar peaks for LDPE-rich blends. In contrast, the strengths of the intensities of the peak at q = 0.05 Å À1 appear in the opposite order in the SANS profiles. When the octene-mLLDPE(D) chains are completely phase separated from the LDPE(H) lamellae, i.e. they are present in the amorphous regions between the LDPE(H) lamellae, the 90/10 blend would not produce the highest interlamellar peak intensity. This would instead be produced by the 50/50 blend, because this composition has the largest octene-mLLDPE(D)/ LDPE(H) lamella and amorphous region pairs. The SANS contrast between a lamella stack with 100% octene-mLLDPE(D) lamellae and 100% LDPE(H) amorphous regions is 134 Â 10 20 cm À4 , and that with 100% LDPE(H) lamellae and octene-mLLDPE(D) amorphous regions is 64 Â 10 20 cm À4 . The SANS scattering contrasts for the lamella stacks in the homogeneous mixtures were calculated with equation (10) and are presented in Fig. 7 , where the increase in the contrast as a function of the fraction of the octene-mLLDPE(D) component is shown; this trend is consistent with our measurements. This observation clearly suggests that the blends are probably homogeneous at the lamella level.
The two conclusions drawn from the SANS data, namely that the melts and the solids have the same radius of gyration and that the solid blends are miscible even for increasing values, indicate that neither the octene-mLLDPE(D) nor the LDPE(H) chains have sufficient time to diffuse and segregate because of the presence of the side chains. Here it is worthwhile to discuss whether the side branches are located within the crystal lamellae or in the amorphous region after cocrystallization. In the case of ethyl branches, they were found to be partially included within the crystal lamellae (Alamo et al., 1987) , suggesting that the dominant factor controlling the exclusion of branches from the crystal lamellae during solidification is their molecular volume. Although branches with larger volumes than the ethyl branch have often been reported to be excluded from crystalline regions in accordance with the requirement for a close-packed structure (Mathur & Mattice, 1987) , in general a number of such larger branches have still been found to be incorporated within the crystal lamellae, depending on the crystallization conditions (Cutlier et al., 1977; Martinez & Batta, 1980; Hay & Zhou, 1993) . Hay & Zhou (1993) reported that rapid or quenched crystallization could include 30-40% bulky side groups, such as isobutyl and n-hexyl, in the crystal regions. Furthermore, they observed that the bulky isobutyl branch was more severely excluded from the crystal lattice than the flexible n-hexyl branch, Zimm plot for a quenched octene-mLLDPE(D)/LDPE(H) (= 50/50) blend at room temperature. Table 2 The crystallinity of blend samples quenched from the melt. 13.4 † Composition in percent mass. ‡ Calculated by peak deconvolution from the wideangle X-ray diffraction pattern of the quenched sample.
Figure 7
SANS contrast [calculated using equation (10)] for a lamella stack in a homogeneous mixture.
suggesting that the flexibility of the side branch is one of the important parameters in determining the extent of its exclusion from the crystal lattice. Taking into account these facts and the miscibility in the melt state, in the octene-mLLDPE(D) and LDPE(H) blends of our study the complete exclusion of the branches from the crystal regions may need very long equilibration time, even in isothermal crystallizations, while such branches can be incorporated into the cocrystallization by a rapid quenching process.
Conclusions
The miscibility of octene-mLLDPE(D)/LDPE(H) blends was studied with SANS and SAXS. The values of the blends in the melt state are close to HD and below sp , and increase slightly when the melts are quenched to solids. Blends of octene-mLLDPE and LDPE are homogeneous in both the melt and the quenched solid states, and the quenched solids are cocrystallized. The R g values of octene-mLLDPE(D) and LDPE(H) were found to be $104 and $50 Å , respectively, and to be almost the same in both the solid and the melt states.
